Our recent coarse-grained (CG) molecular dynamics (MD) simulations of membranes with a hemifused-ribbon (λ-shaped) geometry showed curvature-driven demixing leading to enrichment in dioleoyl-phosphatidylethanolamine (DOPE) in a negatively-curved region (at C -0.8 nm 
INTRODUCTION
Eukaryotic cell membranes contain sterols and diverse phospholipids, which differ in length and degree of acyl chain saturation [1] . Such diversity is considered to have many physiological implications for regulation of membrane structure as well as for inhomogeneous distribution of membrane constituents crucial for numerous cellular activities [2, 3] . Membrane lipid diversity leads to heterogeneity in spontaneous (intrinsic) curvatures, which are likely to be important for membrane deformations such as tube formation, fission, and fusion [4] . In recent studies of cell membrane fusion, the findings of many experimental fusion systems [4] [5] [6] have supported the stalk-pore model. For example, early support for the stalk-pore model came from the observation that the addition of negative-curvature lipids in contacting (proximal) monolayers facilitates stalk formation, whereas the addition of positive-curvature lipids such as lysophosphatidylcholine to contacting monolayers inhibits the formation of hemifusion, a well-known fusion intermediate [5, 7, 8] . Such studies have led to a general consensus that lipids with high spontaneous curvatures may play important roles in membrane fusion.
Heterogeneity in lipid constituents permits uneven lipid distribution which may be relevant to various cell activities. Cholesterol, together with sphingomyelin (SM) or saturated lipids, forms microdomain structures such as lipid raft [2, 3, 9] . Lipid mixtures in cell membranes are considered to be in vicinity of demixing points, making raft formation dynamic and responsive to cellular states [10] . The microdomain structures not only permit the clustering of fusion proteins, such as soluble N-ethylmaleimide sensitive factor-attachment protein receptors (SNAREs), but also directly modify membrane characteristics such as fluidity, rigidity, and curvature [9, 11] . Uneven lipids distribution should be affected by the curvature and even a weak curvature may exert a profound influence on lipid domain segregation [12] [13] [14] [15] . Amplified segregation may, in turn, promote membrane deformation and departure of a lipid membrane from planar geometry [12, 14] . Thus, coupling between the membrane curvature and the lipid distribution is likely to be involved in the intracellular lipid sorting that maintains the uneven lipid distribution among organelles [16] [17] [18] , although the underlying mechanisms are poorly understood.
As we reviewed in our recent paper [19] , a number of experimental and theoretical efforts have promoted understanding of the curvature-lipid distribution relationship [12, 14, [19] [20] [21] [22] . Although curvature sorting on the basis of spontaneous lipid curvature is generally weak, curvature-dependent lipid demixing becomes pronounced when lipid mixtures are close to the demixing point (miscibility critical point) [12] [13] [14] . Because experimental and theoretical studies indicate that cholesterol and saturated lipid-rich microdomains have high rigidity, it is also interesting to see where and how such cholesterol-rich domains reside and behave in processes involving high membrane curvature, such as fusion intermediate formation [11, 23] .
Molecular dynamics (MD) simulations have been widely used to probe the structural and dynamical properties of membranes at the atomistic level. Recent development of the coarse-grained (CG) simulation method has removed some of the difficulties associated with the time scale and system dimensions of all-atom simulations (e.g., [24, 25] ). The occurrence of fusion intermediates has been studied using CG simulations [26] [27] [28] . In our CG simulations, a negatively curved region of a dioleoylphosphatidylethanolamine (DOPE)/dipalmitoylphosphatidylcholine (DPPC) binary mixture membrane exhibited DOPE enrichment [19] , suggesting that lipids with negative intrinsic curvature (due to an imbalance between the size of the polar headgroups and the hydrophobic tail) can be unevenly distributed, depending on the curvature of fused proximal monolayers. Such demixing of lipids may occur and stabilize the hemifusion state [29, 30] .
Cholesterol-containing binary and ternary lipid mixtures have been analyzed using MD simulations [31] [32] [33] . Importantly, ternary lipid mixtures consisting of saturated phosphatidylcholine (PC)/unsaturated PC/cholesterol (to be specific, DPPC/dilinoleyl-PC [di(18:2)PC]/ cholesterol) exhibited spontaneous separation into a raftlike liquid-ordered (L o ) domain and a liquid-disordered (L d ) domain [34] . Our previous analysis did not consider cholesterol [19] , so it is of interest to see how cholesterol-containing ternary mixtures form domains in curvature-containing lipid membranes.
Here, we extend our study to several binary and ternary lipid mixtures and discuss the effects of membrane curvature on L o /L d phase separation. As the CG models used here are similar to those used in [34] , we henceforth use the terms "raft-like" and "non-raft" phase (or domain) to denote the observed L o phase and L d phase (or domain), respectively (however, note that L o phases in the model membranes differ from lipid rafts in cell membranes in many points, as discussed by, e.g., [35] ).
To address these issues, -shaped membranes are used ( Figure 1) ; they consist of two bilayer ribbons that are partly fused, producing a -shaped cross section. Results show that DPPC/di(18:2)PC/cholesterol mixtures exhibit nanoscale phase separation and that the raft-like L o domains are preferentially localized in the planar regions of the λ system, whereas L d domains are positioned mainly in the curved region. In this study, we present the main results in the Results section. Several other notable findings are presented and discussed in the Discussion section. We intend to address several relevant issues, such as lipid diffusion dynamics and the tension imposed on the tethering molecules (i.e., the force required for membrane bending), in our forthcoming paper.
SIMULATION DETAILS

Simulation Parameters
The GROMACS 3.3.1 suite was used for all simulations [36] . The CG representation was performed using Definition of curvature strength and angle between two fused leaflets based on the circles C1-C4 derived as follows. C1 has the longest radius but is located inside of any phosphorus atoms of any lipid monolayer. C2 and C3, the common center of which is the same as that of C1, are then drawn; in this study, their radii were fixed at 4 nm and 12 nm, respectively. Bilayer midplanes (broken lines) of each of the three bilayers are based on the lipid atom coordinates projected onto the x-, z-plane. Points of intersection between C3 and the midplanes define the angle θ. C4 is the circle that best fits the phosphorus atoms that belong to the outer leaflet and are located inside of C2. Radius of C4 represents the negative curvature of the outer leaflet; (c) Schematic representation of curved, semi-curved and planar subregions. For definition, see Methods; (d) Illustrated example of the λ membrane with a small curvature. The scheme for subregion numbering is also illustrated in blue.
the MARTINI forcefield (ver 2.0) by Marrink and coworkers [37] . For example, for DPPC, the choline was represented by Q0 particles and the phosphate group was represented by Qa, whereas the glycerol ester was represented by two Na particles. Each of the lipid tails was modeled by four C1 particles. For DOPE, four C1 particles and one C3 particle represented the acyl chain, whereas Qa and Qd particles represented PO4 and ethanolamine, respectively. For di(18:2)PC, each acyl chain was represented by a C1-C4-C4-C1 chain. Four water molecules were modeled by one particle, as in [37] . In the CG simulations, the Lennard-Jones interactions were smoothly shifted to zero between 0.9 nm and 1.2 nm to reduce the cut-off noise, and the electrostatics were smoothly shifted to zero between 0 and 1.2 nm; a relative dielectric constant of 15 was used for explicit screening of the Coulombic energy function. The time step for integration was 20 fs, and the non-bonded neighbor list was updated every 10 steps. Systems were maintained at a temperature of 323 K for set 1-3 and 295 K for set 4-13 ( Table 1) . For the 295 K simulations antifreezing molecules (WF particles [37] ) were added to water at 10 mol%. For the temperature control, three groups (water, phospholipids, and cholesterol) at maximum were separately coupled with a constant  T of 0.1 ps and relaxation time of 0.1 ps using Berendsen coupling [38] . We chose the group coupling scheme because of frequent freezing of water in the  system that we observed when coupling the membrane as a group. Of note, our pilot planar membrane simulations showed no difference in the time evolution and the properties of the domains between the non-grouping method and the grouping method that divided the membrane into four groups (details not shown). So, although artifacts caused by such group coupling cannot be formally ruled out, we believe that such effects are negligibly small for our present study. The system pressure was anisotropically coupled using the Berendsen algorithm at 1 bar with a coupling constant  P = 0.2 ps and a compressibility of 3 × 10
. The simulation time in this study is indicated after multiplication by a factor of 4, as in [37] , to account for the large diffusion rates because of the smoothed surface of molecules in the CG system.
Branched Membrane System
The  system described above was used as the membrane geometry [19] (Figure 1(a) ). The directions of the x-, y-, and z-axes are shown in Figure 1  represents the angle between the two bilayers ( Figure   1 ); a small  value corresponds to a sharply negative bending of the outer leaflet. To maintain the curvature at a desired strength, artificial tethering molecules linked to two DPPC molecules were placed between the cis monolayers (Figure 1(a) ). The tethering molecules were named LK peptides and consist of appropriate numbers of Ser residues. Each Ser residue was represented by P1 (peptide backbone) and P5 (sidechain) particles [19] . The central particles of the LK peptides were harmonically restrained at appropriate positions. For example, for set 1, four LK3 peptides (i.e., LK peptides composed of three Ser residues) were restrained at a position 4 nm along the x direction from the center of circle C1, whereas two LK6 peptides were restrained at 8 nm and two more at 6 nm from the center of C1. We chose to use position restraints on the Na particles (that juxtaposed the Qa particles) of several (~48) lipids at the leftmost edge, as our attempt at using internal coordinates based on the primary axis of inertia still resulted in large fluctuations in the membrane structure. However, such restraints should result in various artifacts, requireing further analysis to address these artifacts.
Simulation sets consisted of various numbers of lipids and water molecules ( Table 1 ). The number of water molecules ranged from ~11,400 (set 1-3) to ~30,000 (set 11). Accordingly, the approximate simulation box size also varied, ranging from (x, y, z) = (31, 5, 16) to (x, y, z) = (30, 10, 24) (nm). Calculations were carried out on 35 Intel Core i7 processors. All molecular images were constructed using Visual Molecular Dynamics [39] . designations.
Analysis
The local properties (composition, thickness and the order parameter) of planar bilayers were computed by dividing the membrane into slabs of 1nm width in the direction perpendicular to the domain boundaries or into 1x1nm square segments. Both segmentation methods yielded the essentially similar results, but we chose the square segmentation scheme for the planar (Figure 2 ) and the slab segmentation scheme for the curved membranes ( Table 1 , set 1-12). For the local membrane thickness, the distance along the membrane normal between the average position of the particle of the terminals of lipid tails (C4Bs for DPPC and di(18:2)PC or C5Bs for DOPE and DOPC) and that of the PO4s (representing the phosphate group) within each slab was taken as the thickness. The lipid order parameterwas calculated using the vector averaged over all four (for DPPC and di(18:2)PC) or five (for DOPE and DOPC) tail segments of all lipid tails present in that slab [34] .
For the local property analysis of the outer leaflet of the membranes, the leaflet was divided into 1nm-wide subregions with boundaries parallel to the y-axis ( Figure  1(c) ). Using the following scheme, the subregions were classified into "curved", "semi-curved" and "planar" subregions. First, the outer leaflet portion located inside C2 was divided such that each subregion stands on a 1 nm portion of the C4 circumference; by excluding the residual, as many subregions as possible (typically four) were obtained (Figures 1(c) and (d)). Subsequently, by finding the regression line to the phosphorus particles (projected onto the x, z-plane) of the lipids outside the circumference of C2, a regression plane, which was parallel to the y-axis and represented the planar portions, was found. Those outer leaflet portions located outside of and 0 -9 nm (0 -11 nm only for set 5, 9 and 11) away from the C2 circumference were divided into several subregions (each with a length of 1nm along the plane) and were tentatively considered planar subregions; however, when the regression plane fit poorly (as in the case of a horseshoe-like curvature), the subregions adjacent to the circumference of C2 were redefined as semicurved subregions and excluded, and the plane-fitting against fewer distal subregions was performed. This procedure (i.e., redefinition and exclusion of semi-curved subregions and plane refitting to the remaining subregions) was iterated until the fitting met the criterion that, for all planar subregions, the mean plane phosphorus atom distance was <0.5 nm. Those outer leaflet portions distant from the circumference of C2 (>9 nm, but >11 nm for set 5, 9 and 11) were excluded from the local property analysis. Depending on the overall geometry of the membrane, the numbers of curved, semi-curved and planar subregions differed among the simulations; typically, the outer leaflet was divided into 4 curved subregions, 0 -6 semi-curved subregions and 10 -18 planar subregions. The local properties (composition, thickness and the order parameter) of the outer leaflet were calculated for each subregion, where the membrane normal served as the reference direction for thickness and the order parameter. For the curved subregions the normal was calculated using the C4 circumference, whereas, for semi-curved subregions and planar subregions, the normal was determined based on the regression plane calculated for each subregion using the xz-projected positions of the phosphorus atoms. Thus obtained membrane normal was used for the thickness measurement, based on the same procedure as for the planar membranes.
RESULTS
In this study, the local properties (composition, thickness, and order parameters) of lipid monolayers in the λ membranes are analyzed. As a reference, these properties were first evaluated for the monolayers contained in a standard planar bilayer membrane. Our simulation of a DPPC/di (18: [34] . When a compositionally asymmetrical bilayer [specifically, a bilayer consisting of a DPPC/di(18:2)PC/cholesterol (i.e., ternary) monolayer and a dioleoylphosphatidylcholine (DOPC)/cholesterol (binary) monolayer] was simulated, the raft-like L o domains formed only in the ternary monolayer (Figure  2(b)). Figures 2(c) and (d) (18:2)PC/cholesterol simulation at the end (20 μs) of the simulation. Representation scheme; blue spheres, DPPC headgroup particle NC3; green spheres, DPPC particles other than NC3; cyan spheres, di(18:2)PC headgroup particle NC3; red spheres, di(18:2)PC particles other than NC3; yellow sphere, cholesterol OH group particle; gray spheres, cholesterol particles other than OH group. Water particles are not shown for clarity. symmetrical raft-like domains (Figures 2(c) and (e) ). Although rigorous statistical analyses to address the question whether the boundary of the L o domains forming in the asymmetric bilayer was less sharp than those in the symmetric bilayer are beyond the scope of this study, our compositional analysis showed that both of the membranes formed similarly sharp L o boundaries (Figures 2(g) and (h) ).
For comparison, the thickness of the pure DPPC bilayer was 4.19 (±0.02) nm (PO4-PO4 distance), whereas that of each monolayer is 1.89 (±0.01) nm (PO4-C4B distance). These values are smaller than those for the L o domains (~2.0 nm) analyzed in Figure 2 , demonstrating that the well-studied effects (i.e., membrane-thickening and lipid-ordering effect) induced by interactions between cholesterol and saturated lipid. For the DOPC bilayer, these values were 4.47 (±0.03) nm (PO4-PO4) and 1.98 (±0.01) nm (PO4-C5B), respectively. For the DOPE bilayer, these values were 4.62 (±0.01) and 2.04 (±0.01) nm, respectively. However, the large values of these bilayers can be ascribed to the acyl chains, which are represented by five particles, unlike the di(18:2)PC and DPPC, which are modeled by only four particles. For di(18:2)PC bilayer the corresponding values were 3.46 (±0.02) and 1.42 (±0.01) nm, respectively.
For the convenience in thickness measurement in curved membranes, we tentatively define the L o monolayer domain as the 1nm slab with a high DPPC and cholesterol mol% (both > 0.35), with thickness > 2.0 nm and with the order parameter > 0.65. We also tentatively define the L d monolayer domain of the ternary mixture as the region with thickness < 1.6 nm and the order parameter < 0.3. On the other hand, for lipid mixtures containing DOPC (or DOPE), the long acyl chains of the used CG models make the thickness-based phase definition inappropriate. Also, for the binary phospholipid mixtures (DPPC/ DOPE, DPPC/DOPC and DPPC/di(18:2)PC) our preliminary thickness and order parameter analysis was not particularly informative beyond composition analysis (details not shown).
So, in this study we did not examine the thickness and the order parameter for these binary membranes.
Curvature-Sorting in Binary Lipid
Mixtures Table 1 summarizes the geometry and lipid distribution at the end of the main simulations. Binary phospholipid mixtures without cholesterol were examined first (sets 1-5).
When our recent simulation of a DPPC/DOPE 0.67: 0.33 mixture [19] Figure 3(a) (left) shows the number of each lipid species contained in each subregion (defined as in Methods and Figure 1) ). The DOPE enrichment was accounted for by a limited number (2 or 3) of subregions that curved strongly. In a similar setting, the curved subregions of the outer leaflet of the DPPC/DOPC 0.67:0.33 membrane exhibited only slight enrichment in DOPC (52.9% for curved and 43.7% for planar subregions) ( Table 1 , set 2 and Figure  3(b) ), although the possibility that the system was not equilibrated cannot be ruled out. For the DPPC/di(18:2)PC 0.67:0.33 mixture (set 3), a weak separation was observed (Figure 3(c) ). However, at 12 s the di(18:2)PCrich subregions were not exactly overlapped to the curved subregions (Figure 3(c) ). Despite this phenomenon, di(18:2)PC reached 54.3% in curved subregions, but 28.3% in the planar subregions. (Also note that in set 4 and 5 di(18:2)PC also showed a relatively high degree of demixing, as shown below.) These results show the importance of the difference in spontaneous curvature among constituents as well as lipid-lipid interactions in curvature-driven lipid sorting in binary mixtures. Notably, the DPPC/di(18:2)PC mixture result (set 3) shows that heterogeneity in headgroup-headgroup interaction is not a prerequisite; rather, differences in acyl chain structure alone can lead to extensive curvature sorting.
In the analyses described above, a high curvature was maintained by the tethering molecules. It is relevant to ask whether lesser (weak) curvatures can promote lipid sorting. We note that a weak curvature can represent either of two types of curvature: a curvature with a large  value but a modest C4 radius (Figure 1(d) ) or alternatively, a horseshoe-like curvature with a large C4 radius and a modest  value (Figure 1(c) ). Although we found it difficult to control these features independently, care was taken to cover both types. For easy comparison with [34] , the simulations described below were run at 295 K.
When the tethering molecules were removed from the DPPC/di(18:2)PC simulation, the curvature quickly weakened (~400 ns); and the C4 radius reached ~99˚ and 1.7 nm, respectively (set 4). A pronounced degree of di(18:2)PC enrichment in curved subregions occurred 80.4% compared with 27.3% in the planar subregions (Figure 4(a) ).
When the same mixture was subjected to a horseshoe-like membrane in which the crosslinking molecules were placed at distal positions to hold the structure, the outer monolayer still exhibited a significant degree of demixing of the DPPC/di(18:2)PC mixtures at 20 s (Figure 4(b) , set 5) and the di(18:2)PC mole fraction in the curved/semi-curved subregions was about 3-fold of that in the planar subregions, yet this was less pronounced compared with some of the cholesterol-containing ternary mixtures (examined below). We have not examined very high curvature lipids such as diacylglycereol (DAG), whose sorting could be relevant in various physiological situations.
Cholesterol-Containing Ternary Mixtures
As shown above, our analysis reproduced the finding of [34] By ~10 s most L d domains were found in the curved regions, whereas most L o domains appeared in the planar regions (Figure 5(a) ). Correspondence among the local properties (thickness/order parameter and mole fraction) was the essentially same as that in the planar simulations (details not shown). Table 1 ); (b) DPPC/DOPC mixture (set 2); (c) DPPC/di(18:2)PC mixture (set 3). Presentation scheme for side views in (a)-(c): blue spheres, DPPC headgroup particle NC3; green spheres, non-NC3 DPPC particles; cyan spheres, headgroup particle [NH3 of DOPE and NC3 of di(18:2)PC and DOPC]; red spheres, non-NH3 DOPE particles and non-NC3 particles of di(18:2)PC and DOPC; lime surfaces, tethering molecules and the DPPC molecules to which the tethering molecules anchor directly. Water particles are hidden for clarity. compared with the planar subregions (Table 1, set 6). Thus, the DPPC/di(18:2)PC/cholesterol mixture, which has a strong demixing propensity [34] , exhibits curvature-associated phase positioning at a curvature of C = ~0.9. When the y-dimension of the membrane was doubled to reduce the finite size effect and the overall composition was altered to 0.28:0.42:0.3, the result was similar (set 7).
The same mixture (i.e., DPPC/di(18:2)PC/cholesterol) was also simulated in a weakly curved  system. When the tethering molecules were removed (set 8, Figure  5 To avoid the fluctuation effect, positional restraints of 10% of water molecules in the simulation box were further introduced (set 9). This maintained  at ~120˚. Still, the pronounced demixing was observed (Table 1) . Strikingly, when the mixture was simulated in a horseshoe-like curvature system (set 10, Figure 5(c) ), the outer leaflet exhibited pronounced unevenness in the L d and L o domain distribution and hence in the DPPC and di(18:2)PC distribution, similar to set 6. The result was similar when the y-dimension of the membrane was doubled (set 11). The result was not likely to have arisen from artifacts due to the presence of edges (rightmost part of the membrane) because several domain boundaries formed in the subregions distant from the edges (e.g., Figure 7 ). This suggests that even a weak (lesser) curvature (C = 0.6 nm -1 ) can cause a dramatic curvatureassociated distribution of the L o and L d domains in a cholesterol-containing ternary mixture, although the intermonolayer registration of the L o domains (and possibly L d domains as well) could be an important factor assisting the biased domain distribution of set 10 and 11, as considered in Discussion. In any case, compared with the di(18:2)PC/DPPC binary mixture results (sets 3, 4 and 5), the ternary results (sets 6 and 8-11) show that the cholesterol-dependent domain formation generally facilitates lipid demixing. It was also noted that, because of the sharp L o /L d domain boundaries, the composition of subregions changed abruptly within a few adjacent subregions in the case of the ternary mixtures, whereas the di(18:2)PC/DPPC binary mixture showed a relatively smooth change in composition. For example, the di(18:2)PC-rich region of the ternary simulation (set 10) formed a clear boundary and also almost led to the depletion of DPPC and cholesterol (e.g., Figure 4(c), right) , whereas di(18:2)PC-rich regions in the binary mixture simulation (set 5) formed less clear boundaries (Figure  4(c), left) and contained a substantial number of DPPC molecules, despite the similar membrane geometry (horseshoe-like) of these sets. This demonstrates the effect of cholesterol that assists demixing of lipids.
Intriguingly, in one simulation of set 8 and one of set 10, despite the di(18:2)PC enrichment in the curved subregions at 4 s, some domain boundaries formed at the branching point of the membrane between 4 and 20 s (Figure 7(a) and (b) ). It is possible that L o /L d domain boundaries have anomalously small bending stiffness and the location at the branching point could be energetically favored. Another notable finding was that frequent presence of a small number of DPPC molecules, along with two cholesterol molecules, at the branching point, which could be explained by an energetically favored distribution of longer tailed lipids near the void (e.g., arrows in Figures 4(a), (b), 5(b) and 7(a) ).
For set 6-11, the sum of the DPPC and cholesterol mol% exhibited a strong correlation with the thickness and the order parameter for each subregion; r 2 = 0.78 (s.d. = 0.04) for the thickness and 0.77 (s.d. = 0.05) for the order parameter, which were slightly smaller than 0.79 and 0.83, the values for the planar monolayers shown in Figure 2 , respectively. However, about a half of the subregions with high DPPC/cholesterol density (with the sum > 0.95) were thinner and had a smaller order parameter than our criteria of the L o phase, suggesting the membrane thinning effect of membrane curvature.
Cholesterol-Containing Binary Mixtures
The Cholesterol has been experimentally shown to accumulate in the negatively curved region of the distorted hexagonal phase of the membrane of brominated di(18:0)PC/cholesterol [40] . This prompted us to examine cholesterol-containing binary mixtures. As expected, a DPPC/cholesterol 0.5:0.5 binary mixture, when simulated in a standard planar membrane, formed a pure L o domain (data not shown).
When the same mixture was simulated in the  system with a strong curvature, all planar subregions were filled by L o domains (set 12, Figure 6 (a) and data not shown), whereas the curved and semi-curved subregions contained cholesterol at 53.0 mol%, which is comparable to 53.8 mol% in the planar region (Table 1 and Figure  6(b) ). At least this result does not show the accumulation or curvature-sorting of cholesterol in the negatively curved region. While the curved region showed a composition that would form the L o domains in a planar membrane, the local properties of the curved region showed small values of the thickness (~1.7 -1.9 nm) and the order parameter (~0.4 -0.5), although they were greater than our definition of the L d domain (Figure  6(c) ). When a DOPC/cholesterol 0.5:0.5 mixture was used in the system, the sorting was also not significant ( Figure 6(e) ). Owing to limited computational power, the number of simulation runs for each mixture was insufficient for a rigorous statistical assessment, but mutual comparison of the simulations supports the following discussion of the relevance, significance and limitations of this study.
DISCUSSION
Binary Mixtures of Phospholipids
For the binary DPPC/DOPE mixture (set 1), the negatively curved subregions (at C = -0.8 nm -1 ) exhibited a DOPE density ~2.2 times of that in the planar subregion at 20 s. The DPPC/DOPE mixture exhibited a higher propensity for curvature-sorting than the DPPC/DOPC mixture, which showed 1.2-fold DOPC enrichment in the curved region compared with the planar region (set 2). Several factors may have contributed to this difference. First, phosphatidylethanolamine (PE), which has hydrogen bond doners and acceptors, has stronger headgroup-headgroup interactions than PC. Second, DOPE has a more negative spontaneous curvature than DOPC. For the CG model used, our estimation using a lipid monolayer/octane/water system at 323K showed C (±s. Overall, the results for the binary mixtures can be explained by a theoretical model [20, 42] that accounts for the free energy by a tradeoff between two main factors:
(1) the entropy cost of demixing and (2) curvature fitness based on spontaneous curvature of individual lipid molecules. Also important is (3) lipid-lipid interaction, which can expedite demixing [43] . The use of strongly interacting lipids such as PE should be equivalent to using lipids with large surface area and is predicted to promote segregation (Eq.1, below). (3) is not limited to specific headgroup-headgroup interactions, but is influenced by overall molecular shape.
When (1) and (2) dominate, the following equation predicts the lipid distribution at the energy minimum [20] . To adapt this equation to our system, we assumed the curved region of our system to be a tube pulled from the liposomes described in [20] . Figure 5 . Lipid distribution of the ternary lipid mixtures in the λ system. Presentation scheme is the same as in Figure 4 , but cholesterol molecules are represented by a yellow sphere (OH group particle) and gray spheres (non-OH particles). (a) DPPC/di(18:2)PC/ cholesterol mixture (set 6); (b) Mixture of the same composition as (a) but tethering molecules were removed and θ became wide (set 8). Arrow shows DPPC molecules located at the branching point of the membrane; (c) Same mixture as (a), but the λ system had a horseshoe-like (weak) curvature (set 10 of Table 1 
where, k c is the bending stiffness, a is the molecule area, C = 1/R t is the tube curvature (with R t being the tube radius), C st and C sv are the spontaneous curvature of the outer monolayers of the tube and the vesicle, respecttively, k is the Boltzmann constant, and  αov is the mole fraction of molecule  in the outer leaflet of the vesicle.
Eq.1 was derived via partial differentiation of the total energy function by N αot , which is the number of molecules of  in the outer monolayer of the tube. The left side of Eq.1 corresponds to the potential regarding the bending energy, i.e., (2) , whereas the right side corresponds to the entropy term, i.e., (1) . The weighted average spontaneous curvature is assumed to be [34] . In our analysis, the L o domains were preferentially located in the planar region, whereas the L d domains appeared in the negatively curved region (Figure 5) . Several factors can be considered important for demix-ing. First, the aforementioned three factors hold here: 1) the entropy cost of demixing; 2) lipid sorting by intrinsic curvature of individual lipids; and 3) lipid-lipid interactions. In addition, 4) the bending stiffness of each domain is likely to be important, (e.g., [14, 20] ).
Tian and Baumgart [20] also modeled cases in which (1) and (4) 
where k ct is the bending stiffness of the tube, which can be modeled as the weighted average of k α and k β that are the bending stiffnesses of a minor (and stiff) constituent α and the major constituent β, respectively, and the other variables same as in Eq.1. Let us suppose that α is a minor constituent forming a small raft-like L o domain (of <1 nm), and the remaining constituents β represent lipids that form non-raft L d domains. Our Fourier analysis based on the method similar to [44, 45] showed that the bending stiffness k c of a DPPC/cholesterol bilayer is 2.2(± 0.3) × 10 -20 J, whereas that of a DOPC bilayer is 1.5(± 0.2) × 10 -20 J and that of a di(18:2)PC bilayer is 7.5 ± 0.5 × 10 -21 J. These are smaller than those reported by [37] likely because of differences in the procedures for the binning and smoothing for the Fourier analysis, but in any case, k c of the L o domain of the CG DPPC/ cholesterol was only three times as large as that of the di(18:2)PC bilayer. Obviously, near-depletion of the minor component  (here, DPPC/cholesterol) from the curved region would bring  αot close to zero, inflating the right side of Eq.2. Furthermore, even if k α increases, the left side of Eq.2 grows only modestly [20] .
These considerations suggest that, during an early phase of demixing (i.e., when the domains are small), the rigidity difference between the L o and L d domains would be roughly as effective for curvature-sorting as the spontaneous curvature difference (as considered above). However, once the domains have become large (e.g. > ~1 nm), extensive demixing associated with the domain coalescence would occur (e.g., Figure 4(a) and  (b) ). This can be considered as a lipid-lipid interaction (3) that increases the effective area per molecule (i.e., a in both Eq.1 and Eq.2). In fact, by simply applying DPPC (plus cholesterol) and DPPC fractions of set 8 to β and α, respectively, of Eq.2 and by using the rigidity reported by [37] , one obtains too large a value of a = ~1 nm 2 , suggesting that heterogeneity in rigidity cannot explain the data without the assist of lipid-lipid interaction. Of note, Eq.1 alone cannot explain the set 8 result, either; by applying set 8 data for Eq.1, a becomes ~2 nm 2 , which is too large, given the small area per molecule of cholesterol.
Another factor that should be considered is (5) the force leading to interleaflet colocalization (i.e, registration), which makes the L o domains symmetric between two contacting leaflets [34] . A pitfall of the λ system in this respect is that it consists of both bilayer and non-bilayer parts; the L o domains that formed symmetrically in planar regions should stabilize each other, helping to bring the L o domains into the planar regions ( Figures 5 and 7 and unpublished results) . This issue must be addressed by many more simulations with different settings. Another potentially important factor is that (6) locally asymmetric domain formation may generate abrupt bending of bilayer membranes. Even if the lipid composition is symmetric between the two leaflets of a bilayer, incomplete inter-leaflet registration of domains may lead to an abrupt bending. Intriguingly, in some simulations, the boundary between a raft-like and non-raft domain moved to and stayed at the branched point of the λ membrane (Figure 7) . Biological membranes are likely to be poised between the mixing and demixing phases, providing a basis on which even slight changes in collective behavior may have profound effects on membrane curvature [10, 12, 14] .
One might ask whether the  system can be used to analyze the weak segregation limit. It has been shown that when the lipid composition is near the mixing/ demixing (miscibility) critical points [46] , the curvature amplifies the lipid demixing, as demonstrated in thin tube formation from liposomes [12, 14, 20] . However, our experience suggests that statistical uncertainties make rigorous analysis of such weak segregation limits using standard CG simulations difficult (unpublished results).
Binary Cholesterol/Phospholipid Mixture
Cholesterol not only forms rigid microdomains that are necessary for organizing fusion proteins into the fusion site, but also facilitates various steps in the fusion process, likely by staying free from such microdomains [8, 23, 47, 48] . Fratti et al. have shown that the periphery of the hemifusion diaphragm (the vertices) is enriched in ergosterol and DAG, both of which have intrinsic negative curvature [48] . However, our results of the DPPC/cholesterol and DOPC/cholesterol binary mixtures did not show significant cholesterol enrichment in the curved region in compared with the planar region (set 12 and 13, Figure 6 
Technical Limitations and Other Notable Findings
The limitations of our system should be considered. First, the λ membrane has a two-dimensional curvature, lacking Gaussian curvature. Care must be taken if our findings are extrapolated to hemifusion intermediates, particularly small intermediates that are likely to originnate at a single point of the apposed membrane surfaces. Note that a vertex ring hemifusion model has been proposed by [49] . Second, the use of tethering molecules is an artificial perturbation. Another limitation concerns the dimension of the membrane. We adopted a membrane that is short in the y-direction, but this leads to rapid formation of a stripe pattern, which is an artifact of the finite size effect. In two additional simulations we doubled the thickness in the y-direction, yet the stripe pattern still formed.
A notable feature of our results is the horseshoe-like structure that occurs upon removal of the proximal tethering molecules (set 10). This curvature (C = ~-0.6 nm -1 ) appears weaker than that derived by the self-consistent field analysis by Schick and coworkers [50, 51] . We reason that this discrepancy arises in part from the difference in the bending stiffness k c , which may be generally greater for the atomistic and CG models than for the copolymer models in [50] . Another reason could be the difference in the energy required for separation of the two cis monolayers. The two cis monolayers of the planar subregions separate in our study, implying a weak attractive force between them, whereas the monolayers appear to interact quite strongly even near the branching point in [50] . Direct measurement of the tension imposed on the tethering molecules could be informative.
We also note that, lipid partition at the branching point is influenced not only by curvature itself but also by a favorable membrane thickness. The curved subregions often contained DPPC as minor components in addition to DOPE, DOPC, or di(18:2)PC (arrows in Figure 5 (b) and Figure 7(a) ). Long phospholipids near the void created by three monolayers could be favored because they can fill the void better.
Hemifusion and Perspectives of Lipid Distribution Analysis
Recent studies on exocytosis have suggested or provided evidence for hemifusion intermediates in living cells. A flickering fusion pore, which supports the presence of a hemifusion intermediate, has been studied extensively (e.g., [52] ). Kiss-and-run exocytosis, which is likely to be mediated by hemifused states, has been studied in many systems (e.g., [53] [54] [55] [56] [57] ). Furthermore, visualization of hemifusion intermediates by conical electron tomography provided direct evidence of hemifusion [58] . Vacuoles isolated from yeast allowed observations of hemifusion and full fusion in a kinetically separated manner [49] . Also, in several liposome fusion experiments, hemifusion has been shown to be an on-pathway intermediate. For POPC/DOPS liposomes containing yeast v-and t-SNAREs [59] , a fluorescence resonance energy transfer (FRET) plateau suggestive of hemifusion was observed, and in addition, a gradual FRET increase often preceded hemifusion, suggesting the involvement of partially restricted hemifusion. With further technical improvement, hemifusion might be implicated even in cases previously considered to indicate a direct transition from liposome adhesion to full fusion (e.g., [60, 61] ). Considering the time resolution (>ms) of such studies, a rearrangement of the lipid distribution is likely to occur in hemifused membranes.
The effects of lipid composition on the kinetics and outcomes of fusion have also been studied. PE modulates the fusion kinetics and outcomes in fusion experiments and simulations (e.g., [62, 63] ). In liposome experiments using PC, PS, PE, t-SNAREs and v-SNAREs [64] , an increase in PE stabilizes the hemifusion intermediates, slowing the transition to full fusion. Several experimental, computational and theoretical analyses also highlighted the importance of the PC:PE ratio to free energy of hemifusion intermediates, leading to a general consensus that a high density of PE (or other negative-curvature lipids) in the proximal leaflets promotes stalk formation and stabilizes hemifusion intermediates [28, 50, 65] . The PE-stabilized hemifusion intermediates may provide an environment suitable for regulated exocytosis via flickering or kiss-and-run events.
Our approach may be particularly useful in analyzing fusion of largely flat membranes; fusion simulations mainly use highly curved membranes (vesicles with a 15 -20 nm diameter), whereas large (small curvature) vesicles tend to lead to hemifusion and static adhesion [66] . Although we have not examined them, lipids having strong negative curvature, such as phosphatidic acid and DAG could stabilize hemifusion intermediate at low concentrations, easing the intricate regulation of duration of the hemifused states.
Finally, this study focuses on model membranes, but the mechanisms for phase separation in cellular membranes may be different from that in the model membranes. The L o and L d phases formed in model membranes usually exhibit more pronounced differences in the degree of lipid order than phases formed in vesicles prepared from plasma membranes [35] . This small difference in the degree of packing in plasma membranes suggests important roles for protein-protein and protein-lipid interactions, headgroup-headgroup interactions between SM molecules, and carbohydrate chain interacttions in phase separations of plasma membranes [35] . Clearly, the biological relevance of our results must be evaluated carefully. Many more experimental and computational efforts are necessary in order to gain insights into the roles of lipid redistribution in membrane fusion and intracellular lipid sorting.
